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Abstract
Traditional pavement design process involves limiting the strain on top of the subgrade layer to ensure that the pavement will
not fail by rutting. The recently released Mechanistic-Empirical Pavement Design Guide (M-E PDG) and the associated 
-
susceptible layers (asphalt concrete and unbound granular material layers) on the overall cumulative rutting in the pavement.
However, the rutting models incorporated in the design do not consider the influence of reduction of air voids during design
life and the effect of confinement pressure. 
This investigation explores the influence of air voids reduction and confinement pressure on the rut depth prediction using
AASHTOWare for a typical Indian pavement cross-section. An asphalt concrete mixture, Bituminous Concrete (Grade-1)
confirming to the Ministry of Road Transport and Highways (MoRTH) specifications was cast at three air voids contents of 7,
4 and 2 %. The dynamic moduli of these samples were determined at 5, 15, 20, 40 and 55 °C for frequencies ranging from
0.01 to 25 Hz at 0 and 200 kPa confinement pressure. In addition, the dynamic modulus values of Dense Bituminous
Macadam (Grade 2) mix at these temperature and frequencies for an air voids content of 4 % were determined in the
unconfined condition. A typical pavement cross-section as given in the Indian Roads Congress guidelines corresponding to 10
% CBR and 150 msa traffic was chosen. Simulations were carried out for this pavement cross-section using the material 
properties measured for asphalt layers. Air voids and confinement pressure exhibited considerable influence on the rutting
predicted for the asphalt layers of the pavement.
While the AASHTOWare pavement design software may not be directly applicable to Indian conditions due to the use of 
considerable amount of data pertaining to USA and Canada, such exercise as carried out here, clearly showcases the
limitations of the cross-sections used in India and provides guidelines on the directions India should take when it comes to
material characterisation.
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1. Introduction 
The past few decades have experienced a major boost in the pavement industry in India in terms of 
construction of high speed corridors. These corridors are typically designed for increased frequency of loading in 
terms of multi-axle vehicles with heavy loading capacity and high tire pressures. However, many of these roads 
have experienced premature failures and majority of such distresses can be broadly classified under rutting and 
fatigue cracking. It is also observed that such distresses are essentially associated with the asphalt concrete layers 
of the pavement structure.  
Asphalt pavements are constructed with two layers of asphalt concrete with initial air voids of 6-8 % 
depending on the mix type and asphalt layer. Under repeated traffic, the asphalt concrete mixture deforms. The 
deformations in this layer, along with the deformations in other layers of the pavement structure manifests in the 
form of rutting. Rutting, which is the longitudinal depression along the wheel path is often found to have 
upheaval  on either sides of the depression. Since the material has high air voids content when constructed, it is 
expected to reduce and this densification can be considered as a predominant cause of rutting during initial 
periods of traffic. Later as the material reaches the densest state with optimum aggregate interlock (or refusal air 
voids content, normally 2 to 3 %), it can be expected that the material undergoes shear flow. Due to air voids 
reduction, the material becomes stiffer leading to increased rut resistance. Such increase could also be contributed 
due to age hardening of the material (Witczak et al., 2002).    
The flexible pavements in India are designed as per the specifications of the Indian Roads Congress (IRC). 
The pavement is modelled as a multi-layer elastic structure (IRC: 37-2012, 2012). The stresses and strains are 
evaluated using linearised elastic theory. The thickness of the pavement layers are selected duly considering the 
allowable stresses and strains in the pavement layers, including the subgrade. As per the current Indian 
specifications for asphalt concrete mix characterisation, the binders are graded based on viscosity measured at 
60 oC and the mixture design is carried out using Marshall method (MoRTH, 2001). IRC:37-2012 (2012) 
stipulates the use of resilient modulus as a material property to be used in pavement design and the choice of such 
values depends on the type of asphalt concrete mix (Bituminous Concrete, Bituminous Macadam and Dense 
Bituminous Macadam) and the binder used (VG10, VG20, VG30, VG40 and modified binders). It is not very 
clear how resilient modulus values have to be measured and a country-wide laboratory testing and mixture 
characterisation is not yet in place. 
As per IRC: 37-2012 (2012), the rutting distress could be controlled by limiting the vertical compressive strain 
on top of subgrade. The guideline recommends the use of VG40 binder to provide rut resistant asphalt concrete 
mixes. To address the issues associated with design of asphalt concrete mixtures for a more durable pavement, 
systematic research and development activities have been initiated throughout the world. In North America, these 
attempts have resulted in the Superpave method of mix design and analysis system (Asphalt Institute, 2001). The 
Superpave mix design and analysis method for hot mix asphalt (HMA) mixtures was developed under the aegis of 
Strategic Highway Research Program (SHRP) of United States of America to provide a rational basis for mix and 
structural design. However there was a need for designing robust mechanical tests for asphalt concrete mixtures 
and developments towards this led to a variety of asphalt mixture tests. The most important among these attempts 
was the Asphalt Mixture Performance Tests (AMPTs) developed as part of the National Cooperative Highway 
Research Program (NCHRP) project 9-19 (Witczak et al., 2002).  As per NCHRP project 9-19 the dynamic 
modulus (|E*|) test was recommended for use in design and analysis. In the AASHTO Mechanistic-Empirical 
pavement design guide (M-E PDG), the laboratory measured dynamic modulus values is used for a Level 1 
design analysis, whereas the values computed using |E*| predictive equations are used in the level 2 and 3 
analysis (M-E PDG, 2008).  
The dynamic modulus of asphalt concrete is a function of temperature, frequency of loading, confinement 
pressure and mixture characteristics such as binder properties, binder content, aggregate gradation and air voids 
content. To account for temperature and rate of loading effects, the modulus of the asphalt concrete at all levels of 
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design are determined from a master curve constructed at a reference temperature of 21.1 oC (M-E PDG, 2008). It 
is understood that the characterisation of the material for input into the pavement design process as well as for 
distress quantification requires that the material be tested at different densities.  However, these measurements are 
 % and the influence of reduction of air voids on the rutting 
of asphalt mixtures is ignored. Also the effect of confinement pressure on the mixture behavior is not considered 
and all the experiments are carried out in the unconfined condition. 
In this investigation, this aspect of pavement design is considered by carrying out dynamic modulus 
measurements for a wearing course mixture (Bituminous Concrete) at different air voids content, temperatures 
and at different confinement conditions. The specimens for test were cast at three different air voids contents of 2, 
4 and 7 %.  The 7 % air voids content represent the material immediately after laying and compaction and the 2 % 
air voids represents the material refusal air voids content after several years of traffic loading. Ideally, one should 
be able to capture the response of the material at different air voids content in between this range, however it 
poses practical difficulty. To consider the influence of confinement pressure, dynamic modulus measurements 
were carried out under a confinement pressure of 200 kPa and also in the unconfined condition. A 200 kPa 
confinement pressure was chosen as this was found to be an approximate value of mean normal stress in the mid 
section of an asphalt concrete layer under a standard axle load, when a linearised elastic layered analysis is 
considered. The value was limited to 200 kPa also due to the Asphalt Mixture Performance Test (AMPT) 
equipment limitations. The mechanistic-empirical design simulations were carried out in this study using 
AASHTOWare Pavement-ME design software. The use of six master curves were made for the wearing course 
instead of one single master curve as is normally used.  For the DBM binder layer considered in the pavement 
structure a single master curve was used with data collected on 4 % air voids specimen in the unconfined 
condition. It is expected that for a DBM mix with nominal maximum aggregate size of 26.5 mm, the influence of 
confinement pressure will be considerably less as the aggregate skeleton plays a major role in resisting the 
deformation during loading. 
 
 
2. Materials and Testing 
 
An unmodified binder of Viscosity Grade 30 (VG30) meeting the Indian standard (IS:73-2006, 2006) supplied 
by M/s Chennai Petroleum Corporation Limited was used in this study.  Table 1 details the binder properties. The 
mid-gradation of a wearing course called Bituminous Concrete Grade 1 (BC-Grade1) with nominal maximum 
aggregate size of 19 mm, as per the Indian specifications (MoRTH, 2001) was chosen for the study. As per 
MoRTH specifications, BC-Grade1 mixture requires an asphalt content of 5.2 % by mass of the total mix. 
However no mix design was carried out in this study and a binder content of 5 % by mass of the total mix was 
chosen such that by adjusting the compactive effort, specimens of required air voids can be cast in the laboratory. 
A Dense Bituminous Macadam (DBM) mix of Grade 2 with nominal maximum size of 26.5 mm was also 
considered in the study to be used as a binder course in the structural simulations. 
The AC mixture was short-term aged at the mixing temperature for 4 hours ± 5 minutes before casting in 
order to account for the aging occurs in field during mixing and compaction (AASHTO:R30, 2002). The AC 
mixture was prepared in accordance with the AASHTO practice to attain Superpave gyratory compacted (SGC) 
specimens of 150 mm diameter and 170 mm height. To attain the target air voids content of 7 ± 0.5, 4 ± 0.5 and 
2 ± 0.5 %, trial specimens were prepared by varying the number of gyrations. The SGC specimens were then 
cored and sliced to get the final specimens of size 100 mm diameter and 150 mm height.  
 
2.1 Dynamic modulus test     
 
The dynamic modulus test was carried out on an Asphalt Mixture Performance Tester (AMPT) (Fig. 1 (a)). In 
the dynamic modulus test, an asphalt concrete specimen is subjected to repeated haversine loading such that the 
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material is subjected to axial strains between 50 and 150 microstrains. The underlying assumption here is that 
within this range the response of the material will be linear.  The dynamic modulus is defined as the ratio of the 
peak stress to the peak recoverable axial strain.  The phase angle  is defined as shift between the applied stress 
and the resulting strain. The experimental plan adopted for dynamic modulus test is shown in Table 2. 
Table 1. Properties of binder used 
Characteristics Value Specification Limits Method of test, Indian Standards Number 
Absolute viscosity at 60 oC, Poise 2703 2400 (Min.) IS 1206  (Part 2) 
Kinematic viscosity at 135 oC, cSt 531 350 (Min.) IS 1206  (Part 3) 
Penetration at 25 oC, 100 g, 5 s, 0.1 mm 58 50-70 IS 1203 
Softening point (R & B), oC 55 47 (Min.) IS 1205 
Ductility at 25 oC after rolling thin film oven test, cm 100+ 40 (Min.) IS1208 
Viscosity ratio at 60 oC after rolling thin film oven test 3.36 4.0 (Max.) IS1206 (Part 2) 
 
Table 2. Dynamic modulus test scheme 
Attribute Value 
Air voids of specimen, % 2, 4 and 7 for BC- Grade 1 mix and 4 for DBM-Grade 2 mix 
Test temperature,  oC 5, 15, 20, 40 and 55 
Frequency, Hz 25, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1 and 0.01 
Confinement pressure, kPa 0 and 200 for BC-Grade 1 mix and 0 for DBM - Grade 2 mix 
 
For tests under confined condition, the specimen was enclosed in impermeable flexible membrane before 
fixing the linear variable differential transducers. The test specimen was placed in the environmental chamber for 
4 hours after the cell temperature has reached the specified temperature, and allowed to equilibrate to the testing 
temperature.  Fig. 1 (b) shows a specimen enclosed in rubber membrane and LVDTs fixed for a confined testing. 
The data acquisition system captured the axial load, the displacements using the three LVDTs, temperature and 
confinement pressure. All tests were repeated twice and it was found that the coefficient of variation for mean of 
dynamic modulus on replicate test specimens was within a range of 4 to 9 %, which was within the limits 
specified by (AASHTO: TP79, 2010).   
 
 
(a) Asphalt Mixture Performance Tester 
 
(b) Specimen with rubber membrane and LVDTs attached 
Fig. 1. Dynamic modulus test setup 
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3. Mechanistic-Empirical Pavement Design
Pavement design using M-E PDG is an iterative process, where a trial design is evaluated for adequacy at a
specified reliability level, through the prediction of distresses (M-E PDG, 2008). The trial design is considered on
the basis of site conditions, such as traffic and climate, and material parameters. If the design does not meet the
desired performance criteria at the specified reliability, it is revised and the evaluation process is repeated.
At level 1 of M-E PDG, dynamic modulus data has to be determined at the temperatures and frequencies of 
interest as per the AASHTO protocol (AASHTO:TP79-10, 2010). Binder shear modulus and phase angle are to
be determined on the proposed binder at a frequency of 10 rad/s over a range of temperatures as per 
(AASHTO:T315-10, 2010). From the binder data, the A-VTS (viscosity-temperature susceptibility) relation for 
mix compaction temperature is estimated. A single master curve for dynamic modulus is then developed for the
complete set of data that defines the time-temperature dependency of the material including aging. Issues
associated with development of a single master curve for the complete temperature regime can be found in Roy et 
al., 2013.
The general form of the dynamic modulus master curve used in M-E PDG is a sigmoidal function described 
as in Eq. 1 and the general form of the shift factor is given in Eq. 2.
, (1)
,                                            (2)
where is the viscosity of binder, is the viscosity at reference temperature, is the time of loading at the
reference temperature, , , and are fitting parameters and is the reference temperature. Here the shift
factor is expressed as a function of binder viscosity and this allows the consideration of binder ageing by the
global ageing system included in M-E PDG. The master curves developed for the different mixtures and test 
conditions considered in this study are shown in Fig. 2. 
3.1 HMA rut depth transfer function in M-E PDG (NCHRP 1-37A, 2004)
For all HMA mixtures, the M-E PDG field calibrated form of the laboratory derived relationship from 
repeated load permanent deformation tests is given in Eq. 3.
(3)
where,  - accumulated permanent or plastic vertical deformation in the HMA layer/sublayer, in.;
- accumulated permanent or plastic axial strain in the HMA layer/ sublayer, in./in.; - resilient
or elastic strain calculated by the structural response model at the mid-depth of each HMA sublayer, in./in.;
- thickness of the HMA layer/ sublayer, in.; n - number of axle-load repetitions, T - mix or pavement
temperature , oF; - depth confinement factor, - global field calibration parameters.  From NCHRP
1-40D recalibration (Witczak et al., 2006), = -3.35412, = 0.4791, = 1.5606, - local or 
mixture field calibration constants; for the global calibration, these constants are set to 1.0. The depth 
confinement factor is given by,
,
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, 
 .                                        (4) 
where D is depth below the surface, in and  is the total HMA thickness, in. 
 
(a)    BC-Grade 1 mix with 2 % air voids content (b)  BC-Grade 1 mix with 4 % air voids content 
(c)    BC-Grade 1 mix with 7 % air voids content (d)  DBM-Grade 2 mix with 4 % air voids content 
 
Fig. 2. Master curve at a reference temperature of 21.1 oC 
 
3.2 Data for M-E PDG simulations 
Truck Traffic: One of the typical Truck Traffic Classification (TTC) groups incorporated in M- E PDG 
software was used in the analysis. The classification chosen was TTC-8, which had less than 2 % of bus traffic 
and more than 10 % of multi-trailers. The multi-trailers comprised of high percentage of single-trailer trucks with 
some single unit trucks. 
Climate Data: Climate data requirement for analysis using M-E PDG includes hourly temperature, 
precipitation, wind speed, relative humidity and cloud cover. These data are used to predict the temperature and 
moisture content in each of the pavement layers, which will be used in adjusting the characteristics of different 
layers/ sublayers. AASHTOWare Pavement ME software provides climate data from different climate stations in 
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the United States (DARWin-ME, 2006). Climate data from one of the weather stations, Melbourne, Florida, 
which has mean monthly temperature distribution closer to Chennai, Tamil Nadu, India was chosen for this study 
(Longitude : 80.646o, Latitude: 28.103o, Elevation: 8 m). 
 
4.  Effect of Air Voids Consideration in the Analysis of Pavement Structure 
A typical pavement cross section for a CBR value of 10 % and for traffic of 150 msa, provided in the Indian 
Roads Congress (IRC) guidelines (IRC: 37-2012, 2012) was used for this study. To understand the influence of 
air voids content in pavement rutting and the effect of choosing 
models, a sensitivity analysis was carried out using the mix characteristics estimated in this study. The input 
parameters for this analysis are as follows: 
 Traffic: Heavy traffic volume with 5000 Annual Average Daily Truck Traffic (AADTT) in two directions of 
a 4-lane divided highway with operating speed of 60 kmph  
 Layer Properties 
 AC mix - Top 50 mm of BC-G 1 and next 125 mm of DBM-G 2 
 AC mix air voids - 2, 4 and 7 % for BC-G 1 mix and 4 % for DBM-G 2 mix 
M-E PDG simulations were carried out for the following scenarios: 
 Case I- Top AC layer with BC-G1 mix of 7 % air voids in the unconfined state and analysed for 10 years 
 Case II- Top AC layer with BC-G1 mix of 4 % air voids in the unconfined state and analysed for 10 years 
 Case III - Top AC layer with BC-G1 mix of 2 % air voids in the unconfined state and analysed for 10 years 
 Case IV - Top AC layer of BC-G1 mix with 7 % air voids for first 5 years and then 4 % air voids for next 5 
years (both in the unconfined condition) 
 Case V - Top AC layer of BC-G1 mix with 7 % air voids for first 2 years, then 4 years with 4 % air voids 
material and then next 4 years with 2 % air voids (all in the unconfined state) 
Figures 3 (a), (b) and (c) show the rut prediction for a period of 10 years under the above mentioned 
conditions. The results clearly reflect the importance of air voids upon rutting in the AC layer. It can be seen 
from the figures that consideration of a mid  air voids of 4 % can actually under-predict the rutting response of 
the material. Fig. 3 (d) shows a comparison of the number of years in which the AC rut depth reaches a value of 
5 mm. This comparison highlights the fact that consideration of one single air void for the entire design life of the 
pavement can under-predict rutting and any design based on such information may lead to premature AC rutting 
failure in the designed pavement. 
 
4.1 Influence of confinement pressure on AC rutting 
 
It is understood that the AC mix is subjected to confinement conditions and hence the material property 
should reflect the effect of confinement pressure. However, it is mentioned in the NCHRP studies on 
development of asphalt mixture performance tests that the dynamic modulus testing may be performed with or 
without confinement. The dynamic modulus data collected in this study under unconfined and 200 kPa 
confinement condition was used in M-E PDG analysis for the different conditions of air voids contents and the 
rut predictions are plotted in Figures 4 (a), (b) and (c). The effect of confinement pressure was found to be more 
in the 7 % air voids mix where as 2 and 4 % air voids did not exhibit variation in rut prediction with pressure. 
 
4.2 Influence of air voids content on rutting at low frequency of loading 
 
 It was observed from the dynamic modulus data that the effect of confinement pressure was large on the 7 % 
air voids at low frequency loading. In order to estimate the effect of air voids and confinement pressure on the 
response of the material at different frequencies of loading, two operating speeds were considered for the 
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analysis. The simulations carried out using different scenarios of AC material properties were repeated for a 
traffic having an operational speed of 10 kmph and comparisons were made with the different scenarios as 
plotted in Fig. 4 (d). It can be seen that AC rutting for all mix voids was approximately equal at creeping speed of 
10 kmph. However there was considerable variation between rutting of 7 % mix compared to 2 and 4 % mix at 
speed of 60 kmph. It is to be noted here that this response is measured for one set of loading and climatic 
condition.  It can be seen that the 2 and 4 % air voids material which were more rut resistant than the 7 % air 
voids material (Fig. 3 (a)), was found to exhibit rutting as high as that of the 7 % air voids material when the 
frequency of loading is low.  
 (a) Consideration of an initial single air void 
 
(b) Consideration of two different air voids (all unconfined) 
 
(c)  Consideration of three different air voids (all unconfined) (d) Number of years for 5 mm AC rutting 
Fig. 3. M-E PDG rut prediction 
 
 
 
 
5.  Conclusions 
 
Structural simulations were carried out on a typical cross section of pavement and the AC layers were 
characterised using the dynamic modulus master curves developed from the data collected in this study. 
Simulation runs were carried out for different combinations of air void reductions to understand the prediction of 
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rutting when the evolution of air void reduction is considered compared to the use of a single average value of air 
voids content. Comparisons were made for two different operating speeds of 60 kmph and 10 kmph and it was 
observed that at low frequencies of loading the rutting on 2 % material was similar to that of a 7 % air voids 
material. From simulations carried out in the unconfined as well as confined condition, the rutting on 7 % air 
voids material was found to be influenced largely by the confinement pressure; however the influence was 
negligible on a 4 % or 2 % air voids material. 
 
 
 
 
(a) 7 % air voids material 
 
 
(b) 4 % air voids material 
 
 
 
(c) 2 % air voids material 
 
 
 
(d) Variation in response at two different operating speeds 
 
 
Fig. 4. M-E PDG simulations - Effect of confinement pressure and operating speed 
 
 
The structural simulation using M-E PDG clearly showcased the necessity to use different master curves at 
different stages in the design life of a pavement. Ideally, under restrictive conditions of linearity, one should be 
able to incorporate the influence of pressure in the master curve. Using the iterative process of the structural 
response model, the actual modulus values corresponding to the pressure induced at a given temperature can then 
be used for quantification of damage. The simulations carried out in this study showed the deviations when only 
ed. 
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